[1] Three SuperDARN radars in the afternoon-midnight sector of the auroral oval detected a boundary oscillation, originating near $1800 MLT sector. Analysis of the phase of the oscillations measured in three meridians indicates that the disturbance has a longitudinally (azimuthally) isolated source and away from which it propagates. The eastward and westward phase speeds are 2.6 and 3.6 km/s respectively and the period is roughly 28 minutes. An examination of the geo-synchronous magnetic field inclination also revealed oscillations similar to the oscillations of the boundary. Solar wind and IMF conditions were steady during the period except for variations of the IMF By component. The IMF By component showed variations similar to the oscillations in the boundary and the geo-synchronous magnetic field inclination. During reduced and negative IMF By, the boundary was moving equatorward, while during increased or positive IMF By it was moving poleward. The variations in the magnetic field inclination measured at geosynchronous orbit by the GOES satellites were consistent with these boundary motions: decreases (more stretched) and increases (more dipolar) in the inclination corresponded to equatorward and poleward moving boundaries, respectively. Polar cap convection also showed changes in the direction of the convection in response to the change in the IMF B y component. Observed oscillation of the boundary can be explained by stretching of the tail field lines due to asymmetric merging associated with changes in the By component of the interplanetary magnetic field.
Introduction
[2] An important precipitation landmark is the equatorward boundary of significant Central Plasma Sheet (CPS) ion precipitation. This is referred to as the b2i boundary (herein the b2i) when identified in DMSP ion data [Newell et al., 1998 ] and has been shown to be roughly coincident with the ion isotropy boundary (herein the ion IB) [Newell et al., 1998 ]. The IB and b2i are the low altitude projection along magnetic field lines of the earthward limit of the strong pitch angle scattering process which fills the CPS ion loss cone. The geomagnetic latitude of the b2i is strongly correlated with the magnetic field topology in the inner magnetosphere. The more equatorward the boundary location, the lower is the inclination of the magnetic field as measured at geo-synchronous orbit. In other words, equatorward motion of this boundary indicates stretching of the magnetic field topology in the inner magnetosphere. This trend is generally thought to indicate that the pitch angle scattering process that fills the ion loss cone, and ultimately causes diffuse proton precipitation, is a violation of the first adiabatic invariant due to the small field line radius of curvature (relative to the ion gyro radii) in the vicinity of the neutral sheet [Sergeev and Gvozdevsky, 1995; Newell et al., 1998; Donovan et al., 2003] .
[3] As stated above, the b2i (or IB) can be identified directly via in-situ ion data on low altitude satellites that transit the auroral oval. This boundary can also be identified indirectly through the ionospheric consequences of the ion precipitation, albeit with less confidence in terms of accurate determination of the boundary latitude. For example, Donovan et al. [2003] showed that the equatorward boundary of significant proton auroral emissions is an excellent proxy for the b2i. As well, Jayachandran et al. [2002a Jayachandran et al. [ , 2002b demonstrated that the equatorward boundary of dusk-midnight sector SuperDARN E-region backscatter is also an excellent proxy for the b2i. Jayachandran et al. [2002c Jayachandran et al. [ , 2005 Jayachandran et al. [ , 2006 used the radar-detected boundary to show the spatial and temporal dynamics of the boundary associated with substorms.
[4] Large-scale undulations of the diffuse auroral oval boundary in afternoon-evening sector were first reported by Lui et al. [1982] using DMSP measurements and later by Nishitani et al. [1994] using ground based all sky imaging. These measurements were either from white light cameras or from 630 nm airglow emissions and not directly from the signatures of the ion precipitation/proton aurora. It is well known that in the dusk-midnight sector of the auroral oval, on average, ion precipitation/proton aurora is equatorward of the electron precipitation [Hardy et al., 1989; VallenceJones et al., 1982] and any undulation in the diffuse auroral boundary can be easily detected by proton auroral remote sensing. The first direct evidence of undulation of the proton auroral boundary was reported by Zhang et al. [2005] . They used TIMED/GUVI observations to show the presence of large-scale undulations in the proton auroral boundary in all local time sectors during magnetic storms. Many of the above studies have proposed but have not demonstrated connections between inner magnetospheric dynamics and these undulations.
[5] It has been proposed that the large-scale undulation of the boundary is caused by instability mechanism (KelvinHelmholtz type) that is operative due to the sheared flow in the region [Lui et al., 1982; Kelley, 1986] and one of the conditions for instability to be operative is the build up of large-scale electric field at the plasmapause [Kelly, 1986] . Several numerical simulations [Yamamoto et al., 1993; also concluded that these undulations are basically due to the Kelvin-Helmholtz (K-H) waves arising from the polarization of an arc sheet. Ebihara et al. [2005] have used modeling to show that interchange instability could be responsible for boundary undulations.
[6] In this paper we present observation of the oscillation in the equatorward boundary of the ion auroral oval detected by ground based SuperDARN radars and corresponding oscillations in the geo-synchronous magnetic field inclination. We also present observations that are relevant to the identification of the mechanism that could have generated the observed undulation of the boundary. We point out that our work is examining an undulation event seen in the equatorward boundary of the proton aurora. We cannot make the claim that this is necessarily the same phenomena that has been reported earlier in the diffuse electron aurora (ie., the Lui et al. [1982] , Nishitani et al. [1994] , Hardy et al. [1989] studies discussed above).
Data and Observations
[7] SuperDARN [Greenwald et al., 1995] is an array of HF radars covering northern and southern high-latitude regions. Presently, these radars cover much of the highlatitude regions of the Northern and Southern Hemispheres. A detailed description of the radar array can be found in Greenwald et al. [1995] . The radars operate in the frequency range of 8 -18 MHz (HF). Their antenna system consists of Figures 2a, 2b , 2c, and 2d represents the variations in the three components of the IMF, Solar wind dynamic pressure, solar wind velocity, and solar wind number density respectively. a main array of 16 log periodic antennas and an additional array of 4 antennas (the interferometer array, which is used for the elevation angle measurements). Due to the physical design of the antenna array, the beam patterns are narrow (2°-4°depending on the frequency) in the horizontal direction and broad (30°) in the vertical direction. The antenna pattern consists of 16 azimuthally pointing directions (beams) separated by $3.2°. This configuration gives wide coverage of the high-latitude ionosphere. Owing to this design an array of SuperDARN radars has an advantage for studies related to spatial dynamics of high-latitude phenomena because of the large spatial coverage. The primary scope of these radars is the study of large scale high-latitude convection pattern and its dynamics.
[8] For this study we used data from Saskatoon, Kapuskasing, and Goose Bay SuperDARN radars. The equatorward boundary is identified from the E region backscatter as described by Jayachandran et al. [2002a Jayachandran et al. [ , 2002b . The event considered for this study occurred on 21 January 1997 during the interval 0000 -0130 UT. Location of the radars at the start of the study interval in Magnetic Latitude (M. Lat.) -Magnetic Local Time (MLT) coordinate is given in Figure 1 . We have used AACGM coordinate system [Baker and Wing, 1989 ] throughout this study. During this period, Saskatoon (S), Kapuskasing (K), and Goose Bay (G) radars were located in the $1600, $1800, and $2000 MLT sectors respectively. Thus all three radars were in the afternoon-midnight sector of the auroral oval. Upstream Solar Wind (SW) and Interplanetary Magnetic Field (IMF) conditions measured by WIND satellite adjusted for the propagation time from the satellite to the ionosphere by the method adopted by Jayachandran and MacDougall [2000] for the time interval is shown in Figure 2 . Most of the IMF components (except IMF By) and SW parameters remained approximately steady during the time interval except for a brief (<15 min) northward excursion of the North-South component of the IMF (Bz) around 0030 UT. IMF By component showed systematic variations and we will elaborate more on this later in the paper. Figure 3 shows a sequence of selected POLAR UV images with $10 minutes apart for the same interval to show the back ground auroral activity, which shows moderate activity. It is interesting to note that sign changes in IMF By from negative to positive at $00:35 and 01:07 UT produced a theta aurora, as expected, in the dawn sector [e.g. Newell et al., 1995; Cummock et al., 2002] .
[9] Ionospheric backscatter Latitude Time Intensity (LTI) plot of the meridional pointing beams of Saskatoon, Kapuskasing, and Goose Bay radars are shown in Figure 4 . The lowest latitude at which the ionospheric backscatter is present is the equatorward boundary of the ion auroral oval as described by Jayachandran et al. [2002a Jayachandran et al. [ , 2002b . The average location of the boundary is higher in data from the Saskatoon radar than from the other two radars, consistent with the average shape of the proton auroral oval (see Figure 4 of Donovan et al. [2003] ). Our interest here is in the oscillations of the boundary latitude that are evident in the data as presented in Figure 4 . The boundary feature that we are interested in is the oscillation that shows up as the variations of the equatorward boundary of the radar backscatter depicted in the figure. The boundary underwent an oscillatory behavior in the interval and this oscillatory behavior is seen in all the three radars. To make the variation of the boundary clearer, Figure 5 shows the location of the boundary determined from the meridional pointing beams of the three radars. Time resolution of each radar measurement is two minutes and range resolution is 45 km so the boundary data is smoothed (to avoid the steplike behavior due to the 45 km range resolution) using a two-point running average. The oscillatory behavior of the boundary is clear in this figure. The highest amplitude of the oscillation (difference between the lowest and highest latitude) is $1.2°for the Saskatoon radar, 1.6°for the Kapuskasing radar, and $1.°for the Goose Bay radar and the period of oscillation was $28 minutes. The amplitude estimated for the Goose Bay radar may be an underestimate because of the radar location (the radar is located at slightly higher latitude than the other two radars and the boundary might have moved to lower latitudes beyond the limit of observation of the radar). A close examination of the oscillatory features in the figure reveals that the oscillatory behavior started near the Kapaskasing radar ($1800 MLT) and propagated towards the other two radars. This is evident in the results of the cross correlation of the boundary data shown in Figure 6 . Figure 6 clearly shows that the boundary oscillation detected by Saskatoon and Goose Bay radars (west and east of Kapuskasing radars) lagged by $ 8 and 10 minutes respectively from the boundary oscillation detected by the Kapuskasing radar. The boundary oscillations detected by the Saskatoon and Goose Bay radars are roughly in phase (zero time lag). Using this delay and the separation between the radar we can estimate the propaga- tion speed of the oscillation. Estimated speed from the time delay is $3.6 km/s westward (toward Saskatoon radar) and $ 2.6 km/s eastward (toward Goose Bay radar).
Discussion
[10] In the previous section we have shown some of the properties of boundary oscillations detected by ground based radar. Some of the properties of the oscillations reported in this study are different from the undulations of the diffuse auroral boundary reported by Lui et al. [1982] and Nishitani et al. [1994] . Major difference is the ranges of parameters such as velocity and wavelength. Typical values of velocity and wavelength for the undulations of the diffuse auroral boundary are $ 600 m/s and 200 to 900 km [Lui et al., 1982; Nishitani et al., 1994] . In contrast these values for the events reported in this paper are 2.6 to 3.6 km/s and 4400 to 6300 km.
[11] The boundary oscillation originated near the 1800 MLT sector and propagated westward and eastward. There is a demonstrated statistical correspondence between the latitude of the equatorward boundary of the proton auroral oval and the elevation of the magnetic field in the inner CPS [see eg., Newell et al., 1998; Donovan et al., 2003] . This correspondence has not been shown to hold during dynamic geospace events such as substorm onset and undulations like the ones we have studied here. Nevertheless, it is expected to hold provided changes in the magnetic field topology are slow compared to, for example, the characteristic proton bounce period in the region of interest.
[12] For our event, it is instructive to explore the inclination variations as observed by the two GOES satellites over North America. GOES 8 was at the time located over Eastern North America, between the longitudes of Goose Bay and Kapuskasing. During the interval of interest it was at $1900 MLT (see Figure 1) . At the same time, GOES 9 was over Western North America (West of Saskatoon). During the undulation event, it was located at $1500 MLT. The radar beams that were in close proximity to the GOES 8 and GOES 9 were the western most beam of the Goose Bay radar (beam 0) and the eastern most beam of the Kapuskasing radar (beam 15), respectively. Magnetic field inclination estimated from the GOES 8 satellite magnetic field measurements along with the backscatter power of beam 15 of the Kapuskasing radar is shown in Figure 7 . Figure 7a depicts the LTI profile of the backscatter of beam 15 of Kapuskasing radar. Figure 7b depicts the magnetic field inclination at GOES8 satellite. Letters ''T'' and ''D'' in the figure denote ''Tail like'' and ''Dipole like'' magnetic field topology. One important factor to keep in mind is that the GOES 8 satellite was located east of the Kapuskasing radar and there will be delay (because of the eastward propagation of the oscillation in this sector) in the GOES signatures associated with the oscillation relative to the radar. Oscillation was first seen in the beam 15 of the Kapuskasing radar, followed by GOES 8. A cross correlation analysis, similar to the one performed in the previous section, between the radar boundary and GOES 8 magnetic field inclination yielded average delays consistent with the eastward propagation of the oscillation. If one accounts for the propagation delay the correspondence between the variations in the inclination and the radar measurements is clear. The boundary moves equatorward when the magnetic field inclination is decreasing (stretching of the field lines) and moves poleward when the inclination is increasing (relaxed dipole-like tail). This behavior clearly indicates that the boundary oscillation was related to the stretching and relaxing of the magnetotail. GOES 9 satellite measurements (not shown) also showed variations consistent with the propagation scenario, although the inclination changes were weaker (of the order of 2 degrees) than those at GOES 8. Nevertheless, the GOES 9 Bz component of the magnetic field showed variations that is consistent with the westward propagation of the oscillation from the source region in the $1800 MLT sector. Moreover we have also looked at the details of the POLAR UVI data in the Lyman_Bridge_Hop-field (LBH) long band ($160-180 nm) at different time sectors and did not detect any obvious oscillation. However, these oscillations would be present in electron auroral observations at LBH bands due to secondary electrons produced by primary precipitating protons [Eather, 1968; Rees and Roble, 1986; Galand and Lummerzhein, 2004] . Absence of these oscillations in the LBH observations may be real physical effect or due to instrumental effects and needs to be investigated further.
[13] The major factors that control the energetics and dynamics of the magnetosphere are the external solar wind and the IMF. Thus far most studies of boundary dynamics Figure 5 . Variation of the location of the equatorward boundary of the ion auroral oval detected using meridional pointing beams of each of the radar. The data shown in this figure is the two-point running mean of the actual boundary determined using the radar. Figure 6 . Results of the cross correlation analysis of the boundary for three pairs of radar combination. Square symbols for the pair of Kapuskasing and Saskatoon, solid circles for the pair of Kapuskasing and Goose Bay and triangles for the pair Saskatoon and Goose Bay. It can be noted that the peak of the correlation is near 10 minutes lag for the Kapuskasing-Saskatoon pair and 8 minutes for Kapuskasing Goose Bay pair. Whereas the peak correlation for the Saskatoon Goose Bay pair is near zero lag.
and their relationship to topological changes in the inner magnetosphere have been carried out in the context of substorm investigations. These studies attributed the equatorward expansion of the boundary during the substorm growth phase to the thinning and earthward motion of the cross-tail current in the inner magnetosphere as the field evolves towards a more stretched topology [Sergeev et al., 1993 , Roux et al., 1991 . Growth phase stretching is generally agreed to be a consequence of the loading of magnetic flux into the tail, which in turn is a consequence of energy entering the magnetospheric system through dayside merging at a rate greater than it can be transported through the night-side magnetotail via the standard convection cycle [see e.g., Baker et al., 1999, and references therein] . The boundary dynamics shown here occurred during moderate conditions and the ground based magnetometers (figure not shown) and the POLAR UVI imager (Figure 3 ) did not show any obvious substorm activity. Moreover the period of oscillation of the boundary ($28 minutes) is much smaller than the typical inter-substorm period.
[14] As mentioned in previous section, most of the solar wind and IMF parameters remained steady during the interval with the exception of the By component of the IMF. The parameter that mainly controls the energy input into the magnetosphere is the IMF Bz and this component remained southward during this period indicating normal active ''two cell'' convection pattern [MacDougall and Jayachandran, 2001] . What does stand out, however, is that the IMF By component was undergoing oscillations with a similar time scale to those of the undulation and the variations in the inclination. Since we have found that source region of the oscillation is in the vicinity of the Kapuskasing radar, variation in the boundary of the meridional pointing beam of the radar along with IMF By component is shown in Figure 8 . Figure 8a shows the variations in the boundary and Figure 8b shows the variation in IMF By. It can be noted from this figure that there is a correspondence between the changes in the IMF By and variations in the location of the boundary. Whenever IMF By was positive (or during increase in the By value) the boundary moved poleward and whenever IMF By was negative (or decrease in the By value) the boundary moved equatorward.
[15] Sibeck et al.
[2000] carried out a study of one event during which there was magnetopause motion (inward and outward) in the dusk flank of the magnetopause caused by the variations in the By component of the IMF. A region of depressed magnetic field bounded by two enhancements at geo-synchronous orbit were also observed in this event. Sibeck et al. [2000] interpreted the results in terms of the Hot Flow Anomalies (HFAs) and foreshock cavities detected in the upstream bow shock. The magnetic field strength and plasma density difference inside and outside the cavity and the interaction of this cavity produces variations in the magnetospheric field strength and transient magnetospheric compressions and relaxations. According to this model negative IMF By favors the outward motion of the magnetopause and positive IMF By favors inward motion of the magnetopause. The connection between the magnetopause motion and the observed boundary is still unclear. Even if the boundary motion is some how related to the magnetopause motion it will produce a distortion of the boundary at different time sectors not the bi-directional (eastward and westward) propagating oscillation as observed in this study. The observed speed of the propagation ($2.8 km/s) is far greater than the scenario of a stationary boundary distortion and the radars rotating under the stationary boundary distortion with the speed of Earth's rotation.
[16] Another explanation for oscillations of the equatorward boundary of the diffuse evening sector aurora (and presumably the proton aurora as well) was invoked by Kelley [1986] and used later by Yamamoto et al. [1993 Yamamoto et al. [ , 1994 . Their scenario was based on the Kelvin-Helmholtz instability which requires a shear in the convection in the inner central plasma sheet. Figure 9 shows the line-of-sight Doppler map of the meridional pointing beams of the three SuperDARN radars for our event. It is clear from the figure that there was shear in the Doppler velocity detected by all the radars. The Doppler characteristic of the radar backscatter is different for the different radars. Goose Bay radar (Figure 9c ) showed clear changes in the sign of the Doppler with a sharp reversal (lower latitudes showed negative Doppler and higher latitudes showed positive Doppler). The other two radars showed changes in the magnitude of the Doppler (lower latitudes show higher value of negative Doppler and higher latitudes show lower values of negative Doppler). These signatures represent shear in the convective flow. Since these are E region echoes we could not deduce a convincing two-dimensional convection pattern. From the Doppler information from all the beams and all the three radars we can at least infer the flow direction giving rise to these Doppler signatures. The inferred flow direction indicates a large kink in the flow near the Goose Bay radar with sunward return flow at lower latitudes and antisunward flow at higher latitude. A look at the two dimensional convection patterns (figure not shown) showed some evidence of shear in the convective flow and a kink in the flow around $2200 UT. There was a DMSP pass over the Goose Bay radar and although quality of data was poor it showed a convection feature consistent with the flow pattern mentioned above. It can be inferred from this observation that this oscillation may have been associated with the shear in the flow. Again, the problem with this explanation is the bidirectional propagation of the oscillation. Moreover the observed parameters of the oscillation is different from those of the calculations based on K-H instability mechanism [Nishitani et al., 1994] .
[17] Another scenario, which can link the observed geosynchronous magnetic field variations/boundary oscillations and IMF By variations is the reconnection scenario proposed by Nagai [1987] . In his paper Nagai looked at the effect of IMF B y on the magnetic field configuration at the geo-synchronous orbit and explained the perturbation in the geo-synchronous magnetic field in terms of the asymmetric reconnection due to the changes in the B y component of the IMF. This scenario can be use used to explain the observation of the boundary oscillation and the geosynchronous magnetic field variations presented in this paper. This observed boundary variation is closely related to the IMF By variations (Figure 8 ). To show that there is a systematic variation in the polar cap convection direction associated with the IMF B y variations, we have looked at the polar cap convection variation during the event. During the period of study there was a Canadian Advanced Digital Ionosonde (CADI) [MacDougall and Jayachandran, 2001] operational at Eureka (center of the polar cap). CADI measures the convection speed and azimuth continuously. Figure 10 shows the speed (top panel) and azimuth (bottom panel) of the convection measured at Eureka. Solid line in the azimuth panel represents the expected antisunward convection direction at Eureka. Each solid circle represents a CADI measurement (every 30 seconds) and solid line is the two-minute running average. Speed of the convection varied between 400 and 700 m/s (average of $500 m/s) and is the expected speed for the negative IMF Bz condition of $À4 nT [MacDougall and Jayachandran, 2001] . The interesting feature is deviation of the convection azimuth from the expected antisunward convection direction due to the changes in the IMF By. The observed variations in the convection azimuth are consistent with the convection azimuth for different IMF By conditions [Jayachandran and MacDougall, 1999] . These changes in the azimuth are possibly indicating the changes in the convection pattern due to changes in the IMF By component and changes in the reconnection region. The bi-directional propagation of the boundary oscillation may attributed to the propagation of the convection changes away (both directions) from the merging region as proposed by Cowley and Lockwood [1992] and Lockwood and Cowley [1999] and the speed of propagation detected by the radars (2.6 and 3.4 km/s) is similar to the speeds proposed by Cowley and Lockwood [1992] and Lockwood and Cowley [1999] . If this scenario is correct dayside merging might have taken place near $18:00 MLT sector as seen the by the radars (origin of the boundary oscillation). This type of merging scenario has been recently proposed by Watanabe et al. [2007] .
Conclusions
[18] An event study of oscillation of the equatorward boundary of the ion auroral oval detected by ground based Figure 8 . Variations of (a) the location of the equatorward boundary of the ion auroral oval determined using the meridional beam of the Kapuskasing radar (near the source region) and (b) IMF By.
SuperDARN radar is presented. The boundary oscillation occurred in the afternoon -midnight sector of the auroral oval. The oscillation seems to propagate westward and eastward from the origin with speed of $3.6 km/s and 2.6 km/s respectively. Magnetic field inclination measured at geo-synchronous orbits also showed similar oscillations. The boundary oscillation and the geo-synchronous magnetic field inclination are consistent with stretching and relaxing of the magnetotail. When the tail becomes more dipole like the boundary moved poleward and when the tail becomes stretched the boundary moved equatorward. During the interval studied, solar wind and IMF conditions were steady except for the variations in the B y component of the IMF. Comparison of the variations in the IMF B y component and variations of the boundary near the source region revealed that when the IMF B y was negative (decreasing) the boundary moved equatorward and when B y is positive (increasing) the boundary moved poleward. We propose that this boundary oscillation may be driven by asymmetric reconnection associated with changes in the IMF B y component as proposed by Nagai [1987] .
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